We present electronic structure and total energy calculations for SiC in a variety of polytype structures using the NRL nonorthogonal tight-binding method. We develop one set of parameters optimized for a combination of electronic and energetic properties using a sp basis, and one optimized for electronic properties using a spd basis. We compute the energies of polytypes with up to 62 atoms per unit cell, and find that the hexagonal wurtzite structure is highest in energy, the 4H structure is lowest in energy, and the cubic zinc-blende structure is in between, in agreement with our linear augmented plane-wave and other calculations. For the sp model we find that the electronic structure of the cubic and hexagonal structures are in good agreement with densityfunctional theory calculations only for the occupied bands. The spd parametrization optimized for the electronic structure of the zinc-blende and wurtzite structures at the equilibrium volume reproduces nearly perfectly both the valence and conduction bands. The sp tight-binding model also yields elastic constants, phonon frequencies, stacking fault energies, and vacancy formation energies for the cubic structure in good agreement with available experimental and theoretical calculations. Using molecular dynamics simulations we compute the finite-temperature thermal expansion coefficient and atomic mean-square displacements in good agreement with available first-principles calculations.
I. INTRODUCTION
Silicon carbide is an interesting material in three important respects. From a theoretical point of view, it appears to be the prototype polytypic substance 1 with endless permutations of stacking sequences theoretically possible. The polytypes are characterized by a stacking sequence with a long repeat unit along the stacking axis and therefore are natural superlattices. It is also the most attractive alternative to silicon for high-temperature, high-power device applications because of several inherent material advantages. [2] [3] [4] [5] These advantages are a large energy band gap, large thermal conductivity ͑close to that of copper͒, high hardness, and high saturation value of electron drift velocity. Finally, there is body of data 6 regarding electronic, optical, transport, and structural properties, against which theory and calculations can be assessed.
The polytypes of SiC differ in the stacking order of double layers of Si and C atoms. More than 200 polytypes have been reported to date. Luckily, only a few of them have practical importance. These include the cubic zinc-blende ͑zb͒ structure or 3C, and the 4H and 6H hexagonal forms, which appear to have the lowest energy. The 2H form ͑also known as wurtzite͒, although rare in SiC, is of interest as the extreme hexagonal case. One distinguishes three different layers, denoted by A, B, and C, corresponding to different positions of the atoms in planes perpendicular to the c axis, which is the stacking direction. In this notation, the simplest polytypes are the 3C with a stacking order ABC and the 2H with AB. One of the most stable polytypes, 6H SiC, contains six SiC pairs per unit cell and has stacking sequence AB-CACB. Noting that an ACB block is nothing but an ABC block rotated by 60°about the stacking axis, the 6H structure can be regarded as an alternating sequence of unrotated and rotated ABC blocks. All other polytypes can be built up in a similar way. The basic physics of the polytypes' energetics can be modeled by an axial-next-nearest-neighbor Ising ͑ANNNI͒ model, 7, 8 which associates a pseudospin with each stacking sequence ͑+1 for cubic, −1 for hexagonal͒. The ANNNI model is a good approximation, but it cannot give insight into the factors that determine the effective coupling parameters, and, as noted in Ref. 8 , the mechanism by which short-range bare interactions combine to produce effective long-range ANNNI interactions is implausible, at least for SiC. Early first-principles computational work addressing the polytype stability question is reviewed in Refs. 9 and 10.
The ground state properties of cubic SiC have been calculated using density-functional theory ͑DFT͒ with the plane-wave pseudopotential method. 11, 12 The calculated properties, such as equilibrium lattice constant, bulk modulus, and its pressure derivative, agree with the available experimental data to within a few percent. Similar calculations have been done for the 2H form of SiC, 13 and the calculated lattice parameters and bulk modulus are also in agreement with experiment. The structural and electronic properties of cubic, 2H, 4H, and 6H SiC have been calculated by the ab initio pseudopotential method. 14 The lattice constants, bulk moduli, and their pressure derivatives are found to be similar for all the polytypes, independently of the structure of the polytype. The wurtzite structure has the highest energy, whereas the 4H phase is the most stable. The charge asymmetry of a Si-C bond, on the boundary separating the zb from the wurtzite phase, together with the closeness of the total energies between the cubic and hexagonal polytypes ͑within 4.3 meV/ atom͒, should be related to the polytypism of SiC. In the hexagonal polytypes, the M conduction band energy increases, while that of the K point decreases as the degree of hexagonal nature becomes more prominent. Thus, the conduction band minimum state located at the X point for cubic SiC changes to the M point and then to the K point for the 2H structure.
The ab initio pseudopotential method has been used in calculations of ground state properties of cubic and hexagonal SiC polytypes. 15 Internal relaxations of the atomic positions result in small changes in the calculated ground state properties. Overall agreement of the theoretical values with the experimental data is reasonable whether or not atomic relaxations are included. The main effects of the relaxations are on the volume per Si-C pair and the ordering of the polytypes. Experimentally a slight decrease of the unit cell volume with hexagonality is found. Theoretically, this is only observed by inclusion of atomic relaxations. Inclusion of atomic relaxations changes the energetic ordering of the polytypes and, hence, the conclusions with respect to the polytype stability. Without atomic relaxations these calculations predict the cubic structure to be stable with respect to the wurtzite one by about 8 meV/ atom. The zb structure seems to be also lower in energy than the other hexagonal polytypes 6H and 4H. However, their energy differences are smaller than 1 meV and, therefore, approach the accuracy of the calculations. Taking into account the relaxations of the cell geometries, the principal ordering of the polytypes is changed. However, the difference in the cohesive energies of the stable 4H polytype and the most unfavorable wurtzite structure approaches 3 meV/ atom.
The atomic structures of the hexagonal 6H and 4H polytypes of SiC have been determined by a combination of high precision x-ray diffraction measurements and ab initio pseudopotential calculations. 16 The lattice parameters c and a are determined by means of the x-ray diffraction bond method using Cu K ␣1 radiation. The measured fluctuations are smaller than 5 ϫ 10 −6 with respect to the average value of the parameter. The calculated lattice constants are smaller than the experimental values as is usually the case in the local density approximation ͑LDA͒. Nevertheless, the tendency for a better agreement after inclusion of the internal degrees of freedom clearly shows the importance of the atomic relaxations. Both in theory and experiment, the lattice parameter a decreases with increasing hexagonality. On the other hand c / n, n being the number of bilayers per unit cell, increases with rising hexagonality. The ratio c / ͑na͒ deviates from its ideal value in 3C SiC c / ͑na͒ = ͱ 2/3Ӎ 0.816 with increasing hexagonality, indicating a stronger distortion of the bonding tetrahedra. For c / ͑na͒, the agreement between theory and experiment is almost perfect when including the internal relaxations in the calculation. The atomic relaxations within the unit cell are derived by means of two different kinds of pseudopotentials for 6H and 4H SiC. Structure factors, bilayer thickness fluctuations and bond length fluctuations have been compared with the experimental findings. They conclude excellent predictions from the first-principles calculations. This holds especially for the significant displacements in the hexagonal bilayers, which give important contributions to the elongation of the bonding tetrahedron parallel to the c axis. The full potential linear muffin-tin orbital ͑FP-LMTO͒ method has been used to calculate equilibrium, phonon, and elastic properties of 3C SiC. 17 Their result for the equilibrium lattice constant is 1% smaller than the measured value, as is usually the case in LDA, whereas the bulk modulus is in excellent agreement with experiment. The calculated elastic constants are in good agreement with the experimental values derived from the sound velocities of Feldman et al. 18 The FP-LMTO method has also been used to carefully compare the energetics of different polytypes. 19 Using a well tested density functional and taking care to converge with respect to all relevant calculation parameters, Limpijumnong et al. 19 found that the 4H, 6H, and 15R structures were nearly degenerate. The 15R structure was lowest in energy and 4H was lower in energy than 6H, but all were essentially within the estimated accuracy. The 3C structure was significantly higher in energy ͑about 1 meV/ atom͒, and 2H almost 3 meV/ atom higher than 3C. The overall ordering is the same ͑for the structures in common, namely, 2H, 3C, 4H, and 6H͒ as that of older work in Refs. 14 and 20, although the energy differences do not agree. The results of Ref. 19 are in better agreement with the energy differences from the DFT calculations of Cheng et al., 21 although the ordering of the polytypes is different. More recent results using DFT with pseudopotentials and a plane-wave basis 22 also show good agreement with the FP-LMTO calculations in Ref. 19 .
We now discuss previous tight-binding ͑TB͒ calculations for SiC. A semi-empirical TB Hamiltonian has been used in an electronic structure calculation of cubic SiC. 23 A set of semi-empirical expressions for the two-center integrals is constructed for SiC, with an explicit dependence on the atomic characteristics. The merits of these semi-empirical expressions are demonstrated by the reproduction of the electronic energy bands of cubic SiC and by the application to defect problems. A claim of a self-consistent TB method has been made in calculations of binding energy, bulk modulus, and effective charge of Si and SiC. 24 This calculation incorrectly predicts the wurtzite structure as the stable structure. A second-neighbor TB scheme has been employed in electronic structure calculations of cubic SiC as well as in the numerical evaluation of the bound electronic states of isolated and complex defects in zb SiC. 25 This scheme predicts reasonably well the electronic energy bands of cubic SiC. Furthermore, comparison of the important optical gaps with experimental and theoretical data shows reasonably good agreement. The electronic and optical properties of 3C SiC have also been studied by a combination of first-principles and TB electronic structure calculations. 26 For the evaluation of the electronic properties, a pseudopotential DFT method is used, with appropriate corrections to the eigenvalues of conduction states to obtain the correct band gap. The calculated band-structure energies at points of high symmetry are in excellent agreement with experimental data. The second computational approach is the empirical TB model with a three-center orthogonal sp basis Hamiltonian fitted to reproduce the band structure calculated by the LDA method. This TB parametrization allowed this group to calculate the dielectric function and reflectivity. Further work 27 of this group using TB focused on free-floating and epitaxially strained Si 1−y C y alloys.
The above TB scheme fits only the band structure and has no total energy capability, in contrast to the work we present here. We use the NRL-TB method, 28 a nonorthogonal tight-binding method in the two-center representation that uses environmentally dependent parameters that fit both the band structure and total energy. This method produces good structural energy differences, elastic constants, phonon frequencies, vacancy formation energies, and surface energies for a large variety of materials. 28 Hamiltonians using the NRL-TB method have been developed for C, Si, and Ge, [29] [30] [31] and applied to systems such as amorphous solids and grain boundaries that require large unit cells that are difficult to simulate directly using first-principles methods.
The remainder of the article is organized as follows. In Sec. II we describe the functional form of our TB parametrization and the fitting data set. In Sec. III we discuss applications of the TB model to a range of properties such as the ground state electronic structure of the various polytypes of SiC, band structure, density of states, and elastic constants. In addition, for cubic SiC, we performed molecular dynamics ͑MD͒ simulations at various temperatures to obtain the temperature dependence of the mean-square displacement and of the pressure. In the last section, we summarize the results.
II. FUNCTIONAL FORM AND FITTING
In this paper we present electronic structure and total energy results for a TB parametrization using a sp basis. We also present electronic structure results for a parametrization using a spd basis. Since the functional forms of the parameters used in the NRL scheme have already been presented, 28 we will only give a brief summary here. The total energy of the system is written as the sum of the energies of the occupied electronic eigenstates. The onsite Hamiltonian matrix elements vary with the local density associated with each atom, allowing the NRL-TB method to use, in the fit, linear augmented plane-wave ͑LAPW͒ eigenvalues that have been shifted so that the LAPW total energy is equal to the eigenvalue sum. Therefore, all of the contributions to the total energy are accounted for in the eigenvalue sum, and the addition of a sum of pair potentials, a feature common to most TB models, is not needed.
The energies of the electronic states and the corresponding eigenvectors are the solutions of a generalized eigenvalue equation with Hamiltonian and overlap matrix elements parametrized as follows: the basis used to describe the Hamiltonian and overlap matrices is a set of one s and three p orbitals around each atom, with all interactions between atoms assumed to be in the two-center approximation. 32 A local atomic density at atom i contributed by atoms of type J is defined as
where j enumerates atoms of type J, R i is the position of atom i, J is a fitting parameter, and f͑R͒ is a cutoff function that is used to limit the range of the parameters. The onsite matrix element on atom i of type I is given in terms of the local atomic density as
where l is the orbital type index ͑s or p͒, and ␣ IIl , ␤ IJl , ␥ IJl , and IJl are fitting parameters. The distance dependence of the two-center hopping matrix elements is given by
͑3͒
where l and lЈ are orbital type indices, is an index for the type of interaction between orbitals ͑, , or ␦͒, and the parameters a ll Ј , b ll Ј , c ll Ј , and g ll Ј are fitting parameters. The overlap matrix elements are given by
for pairs of atoms of the same type, and by
for pairs of atoms of different types, where t ll Ј , q ll Ј , r ll Ј , and u ll Ј are fitting parameters. The 134 parameters used by the functional form for the sp basis parametrization are fit to three high-symmetry crystal structures. 33 The fitting data set includes both the total energy and band structure for the zb and wurtzite lattices for SiC and the diamond lattice for elemental Si and C. In addition, elemental C and Si configurations with a frozen-in ⌫-point optical phonon were included. The data for each lattice are for a wide range of volumes around the energy minimum. The total energy and eigenvalues of each crystal were computed by the LAPW method 34 33 Since the spd parametrization is intended for electronic structure calculations, we fit only to a corrected LAPW band structure, which has been adjusted to match the experimental band gap by shifting the conduction band states rigidly by 0.079 Ry.
We performed these LAPW calculations for the purpose of generating the database for the TB fit. However, we wish to point out that while there are several pseudopotential and LMTO calculations for SiC in the literature, there are no comprehensive LAPW results except for a study of Ti impurities in SiC.
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III. RESULTS
A. Structures
The LAPW results described in the previous section were used as a database to construct the TB Hamiltonian. The overall rms fitting error for the total energies of all the fitted structures is 2.0 mRy. The TB ground state total energies as a function of volume per SiC pair for a range of structures are shown in Fig. 1 . Convergence of the relaxed energy with respect to k-point sampling is about 5 eV per SiC formula unit, much smaller than the polytype energy differences. The minimum energies for each structure are listed in Table I , along with our LAPW calculations and recent literature DFT calculation values. 14, 19, 22, 38 It is clear from the table that the energy differences between polytypes are quite small, and that first-principles calculations disagree on the quantitative values. Even the ordering in energy and the ground state structure are not consistent among the different DFT calculations. However, it is clear that the 4H or 6H ͑moderately hexagonal͒ structures are lowest in energy, 2H ͑fully hexagonal͒ is probably highest, and 3C ͑no hexagonal stacking͒ is in the middle. It is remarkable that the TB model can capture the correct ordering by fitting only the cubic 3C and fully hexagonal 2H phases, given that the energy varies nonmonotonically with the degree of hexagonal stacking.
This model correctly predicts the lowest energy state to be the 4H structure. The highest total energy was obtained for 2H SiC, which may be one explanation as to why this polytype, of the ones studied here, is the most difficult to grow. We have included the hypothetical rhombohedral 9R polytype because of its high degree of hexagonal nature ͑it is 66% hexagonal͒. Our TB model correctly predicts the energy of the 9R structure to be lower than wurtzite, although in contradiction with previous work, we find that it is also lower in energy than zb. This small discrepancy may be caused by a tendency of our TB model to overestimate the energy gains from alternating cubic and hexagonal stacking, also seen in the low energy of the 4H structure relative to the cubic zb.
The TB calculations predict the equilibrium lattice parameters a and c in excellent agreement with the experimental ones. The results are shown in Table II . From Table II we observe that both in theory and experiment, the lattice parameter a of the hexagonal polytypes increases with decreasing hexagonality. This trend is in agreement with recent experimental and theoretical work. 16 Lattice parameters of 3C, 2H, 4H, and 6H SiC, calculated with the pseudopotential density-functional method, have been collected in Table II.  As Table II shows, our results are comparable in accuracy with the pseudopotential calculation of Ref. 14. The lattice constants, bulk moduli, and Raman mode frequencies of Si and C in the diamond structure, which are also in the fitting database, are described reasonably well.
B. Electronic structure
The TB band structure of 3C SiC along directions of high crystal symmetry is shown in Fig. 2 . In comparison with the LAPW band structure, shown on the same graph, our calculation correctly predicts the valence band maximum at the ⌫ point ͑slightly displaced toward ⌺͒ and the conduction band minimum at the X point of the Brillouin zone. While our TB fit produces nearly perfect agreement with the LAPW valence bands, there are serious discrepancies in the conduction band. This is reflected in the rms fitting error for the seven volumes that we have fitted of 20 mRy for the valence bands and 69 mRy for the conduction bands. This is expected since the conduction band has significant d character that is neglected in our sp TB basis. The TB gap is 1.33 eV, in good agreement with the LAPW gap of 1.31 eV. Both gaps are much smaller than the experimental value of 2.39 eV, 40 due to the use of the LDA in LAPW theory. The TB band structure is very similar to previous ones, [41] [42] [43] [44] all of them have the same shape with a strong parabolic behavior around the conduction band minimum. The indirect energy gaps vary from 1.20 eV in the LMTO calculation 42 to 2.59 eV in the quasi- 43 In the pseudopotential calculations of Käckell et al. 45 and Park et al. 14 the 3C SiC bands are presented in a hexagonal cell, with indirect gaps 1.27 and 1.24 eV, respectively.
The comparison between the TB density of states ͑DOS͒ and the LAPW DOS is demonstrated in Fig. 3 . The TB model correctly describes the valence band: positions and heights of peaks are in very good agreement with the corresponding peaks in the LAPW valence band. However, in the conduction band, there are differences due to unoccupied orbitals with strong d character. The partial DOS functions show that the strongest contribution to the total DOS comes from Si s and C p bands.
The comparison between the TB DOS and the LAPW DOS of the hexagonal polytype of SiC͑2H͒ is shown in Fig.  4 , and the corresponding band structures are shown in Fig. 2 . In the TB valence band the positions and the heights of the peaks are in excellent agreement with the corresponding peaks in the LAPW valence band. However, in the conduction band, peak heights are only in fair agreement. In contrast to previous calculations, 14,43-46 the conduction band minimum is predicted at the M point of the Brillouin zone and this accounts for the discrepancies near the Fermi level. The TB gap is 3.07 eV, whereas the LAPW one is 2.11 eV. Compared with the experimental value of 3.33 eV, 47 the underestimation of the LAPW band gap is known to result from the use of the LDA in our calculations. The agreement of the TB gap with experiment is fortuitous. Most of the results in this paper depend on the occupied states of SiC. However, there are situations such as in studies of optical properties where there is a need to have an accurate representation of the conduction band as well as the correct value of the energy gap. We have addressed this issue by adjusting the LAPW gap to the experimental value and fitting a TB Hamiltonian with a spd basis. The rms fitting errors are 12 mRy for the eight bands that we have fitted for the 3C structure, and 12 mRy for the 16 bands we have fitted for the 2H structure. The resulting energy bands for the 3C and 2H structures at the fitted volumes are shown in Fig. 5 . One can see that we now have an almost perfect fit of both the valence and conduction bands. 
C. Elastic constants and phonons
The elastic constants c ij contain some of the most important information that can be obtained from ground state total energy calculations. A given crystal structure cannot exist in a stable or metastable phase unless its elastic constants obey certain relationships. The c ij also determine the response of the crystal to external forces and thus play an important part in determining the strength of a material. The procedure for calculating elastic constants from first-principles calculations is described by Mehl et al. 49 The same procedure is used in our TB calculations. Briefly, one imposes an external strain on the crystal and calculates the energy as a function of strain. Our method correctly gives the experimental value for the bulk modulus and elastic constants for 3C SiC, as shown in Table III . The agreement between our calculated values and the experimental data for 3C SiC is quite good given that these are not fitted quantities. As Table III shows, our results are comparable in accuracy to the LDA calculations of Ref. 17 . For 4H SiC the agreement with experiment is excellent as well. We also present as a prediction the elastic constants for the 2H structure.
The phonon spectrum for the 3C structure along the highsymmetry ⌫-L direction was computed using the frozen phonon method. The results, in comparison with experiment, 18 are plotted in Fig. 6 . Results for the acoustic modes are in very good agreement with experiment. Zone-edge frequencies for the optical modes are also in good agreement with experiment, although about 150 cm −1 low. The splitting between the transverse and longitudinal optical modes is not captured by the TB model. This is expected, given that the splitting is caused by charge redistribution effects that can only be described by explicit Coulomb terms in the Hamiltonian. The transverse optical mode at the ⌫ point is in very good agreement with experiment 18 and with previous firstprinciples phonon frequency calculation for SiC. 17, 50, 51 
D. Stacking faults
The interesting energetic properties of the polytypes of SiC are directly related to the stacking fault ͑SF͒ energetics. A SF in an otherwise cubic structure is equivalent to a locally hexagonal structure, and vice versa. Therefore, the overall energy ordering of the polytypes, where some hexagonality is favored over perfect cubic stacking ͑e.g., 4H is lower in energy than 3C͒, can be explained if the SF energy in the cubic structure is negative, favoring the spontaneous formation of some hexagonal stacking. The status of 4H as the lowest energy polytype should be associated with positive energy SFs. We used our TB model, which was fitted to only the perfect 3C and 2H structures, to calculate SF energies in the 3C and 4H structures. Unit cells composed of 12 bilayers with and without a SF are relaxed with respect to atomic positions and lattice constant normal to the SF plane using the conjugate gradient method. 52 The results are shown in Table IV , together with DFT calculation results. There is significant variation in the calculated magnitude of the intrinsic SF formation energy in 3C SiC, as shown in Table II of Ref. 53 . Our TB calculations show a small negative formation energy, in agreement with direct calculations using DFT methods. 53, 54 The 4H polytype shows positive formation energy for both geometrically inequivalent SFs, in agreement with direct DFT calculations, although the magnitude of the energy is somewhat large. Even the ordering between the two inequivalent SFs, which involves very small energy differences, is in agreement with DFT calculations. Overall, the agreement between our TB calculations and DFT results is quite good, especially considering the fact that there was no information about isolated stacking faults in the fitting database.
E. Vacancies
The properties of materials with significant covalent bonding such as SiC are often dominated by point defects, which allow for lattice rearrangement during diffusion, and can be electronically active. We simulated vacancies in 3C SiC using a periodic supercell approach. We computed the energies of a 216-atom cubic supercell, and the same supercell with one C or one Si atom removed. Each configuration was relaxed with a conjugate-gradient energy minimization algorithm. 52 To use these energies to compute the formation energy of a vacancy E f we assume that the SiC solid is in equilibrium with reservoirs of C and Si at chemical potentials C and Si , respectively. The vacancy formation energy is defined as
where E v is the energy of the configuration with a vacancy, and N C and N Si are the numbers of C and Si atoms, respectively, in the vacancy configuration. Because the bulk SiC solid is in equilibrium with respect to the two elemental reservoirs, the two elemental chemical potentials are related through
where SiC 0 is the energy per formula unit of bulk SiC. The elemental chemical potentials are constrained because each reservoir must be stable with respect to the pure bulk solid, giving
where C 0 and Si 0 are the energies per atom of bulk diamondstructure C and Si. Combining Eqs. ͑7͒-͑9͒ yields the constraint
and an equivalent expression for Si . The formation energy can be computed in terms of either C or Si ͑since the two are related͒, over a range of physically meaningful values limited by the stability of the C and Si reservoirs with respect to the two pure bulk solids. The results in Fig. 7 indicate that C vacancies are lower in energy than Si vacancies throughout the composition range. Formation energies vary from 3.1 to 3.6 eV for the C vacancy and 5.1 to 5.6 eV for the Si vacancy. These values are in reasonable agreement with the DFT calculations of Furthmüller et al., who found C vacancy energies of about 4 to 4.5 eV and Si vacancy energies of 8.5 to 9 eV. 55 Two other groups 56, 57 get similar results using DFT calculations. Both quote only vacancy formation energies at C = Si , with values of 5.48 and 5.9 eV for E f C and 6.8 and 6.64 eV for E f
Si
, in reasonable agreement with our calculations of E f C = 3.4 eV and E f Si = 5.3 eV. The geometries of the relaxed vacancies show the distinct asymmetry between the two atomic species. The Si atoms around the C vacancy relax outward in a breathing mode, moving by about 0.02 Å. Apparently the potential energy gain from bonding through the dangling bonds, the mechanism that leads to the Jahn-Teller distortion in Si, is not strong large to overcome the stiffness of the Si-C backbonds. The C atoms around the Si vacancy relax much more, moving outward and breaking the symmetry by forming a triangular pyramid with 3.55 Å bonds within the base and 3.78 Å bonds to the vertex. This allows three of the C atoms to have three nearly planar bonds ͑bond angles of 118°͒, and the fourth to be between tetrahedral and planar ͑bond angles of 113°͒. Presumably this relaxation is driven by the stability of the C atoms in planar sp 2 hybridization. A full treatment of the vacancy would require spin polarization and the examination of different charge states ͑beyond the neutral vacancy simulated here͒, but these extend beyond the scope of this work.
F. Molecular dynamics simulations
An important advantage of our TB approach is that we can perform MD simulations reasonably quickly for rela- tively large number of atoms and therefore obtain temperature-dependent quantities. The standard LDA MD calculations can only be done for very small systems and therefore they are not reliable. We performed MD simulations for the cubic polytype of SiC. In our simulations, the system consists of an fcc supercell of 512 atoms. The equations of motion were integrated using a time step of 2 fs for 2000 steps, 1000 time steps for equilibration, and 1000 time steps where data were gathered. We performed MD simulations for several temperatures at the TB equilibrium lattice constant, a = 4.343 Å, to compute the mean-square displacements of the atoms and the thermal expansion coefficient.
In Fig. 8 , we show mean-square displacement as a function of temperature as derived from the simulations. The results are in good agreement with the plane-wave pseudopotential DFT calculations of Karch et al., 58 who used a quasiharmonic approximation to estimate the mean-square displacements since MD was not practical. The agreement is expected given the intermediate range of temperatures compared, significantly above the Debye temperature but significantly below the melting point ͑3100 K͒. 59 The results of the thermal expansion coefficient measurements are plotted in Fig. 9 in the form of the pressure as a function of temperature at the T = 0 K equilibrium lattice constant. From the fit, we can extract ‫ץ‬P / ‫ץ‬T, and from that the linear thermal expansion coefficient ␣ = 3.8ϫ 10 −6 K −1 . A quasiharmonic approximation derived by minimizing the volume derivative of the free energy ͑computed in terms of the phonon frequencies as a function of volume 60 ͒ gives a very similar value for ␣ of 3.9ϫ 10 −6 K −1 . Both results are in reasonable agreement with the quasiharmonic approximation DFT hightemperature value of about 5 ϫ 10 −6 K −1 .
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IV. CONCLUSIONS
We have applied the NRL-TB method to generate a sp basis TB model for SiC that was fitted to LAPW results of high-symmetry crystal structures of SiC, Si, and C and the Raman phonon mode of C and Si, and a spd basis TB model that was optimized for the electronic properties of the cubic zb and hexagonal wurtzite structures. We found that the resulting sp Hamiltonian is transferable to a wide range of polytypes, capturing the nonmonotonic energy variation with respect to hexagonal character despite being fitted only to a fully cubic and a fully hexagonal structure. This model also correctly describes valence band electronic properties ͑band structure and density of states͒. The spd model reproduces both the valence and conduction bands of the cubic and wurtzite structures, at the expense of a lack of transferability to other properties. The sp model reproduces experimental measurements for elastic constants, phonon frequencies, stacking fault energies, and vacancy formation energies. In addition, we performed molecular dynamics simulations at various temperatures to compute the mean-square displacement and thermal expansion coefficient, both in good agreement with experiment and previous simulations. It is stressed that the NRL-TB method, because of its computational efficiency, can be very useful in the study of phenomena which require the use of large unit cells. In addition to the bulk energetic properties of polytypes we presented here, this method can be directly applied to surface properties that can dominate polytype selectivity during growth. It is hoped that with the present set of parameters, the method can be used to study other complex structural and electronic effects that are experimentally observed in SiC. 
